Abstract: Human malignancies are often the result of overexpressed and constitutively active receptor and non-receptor tyrosine kinases, which ultimately lead to the mediation of key tumordriven pathways. Several tyrosine kinases (ie, EGFR, FGFR, PDGFR, VEGFR), are aberrantly activated in most common tumors, including leukemia, glioblastoma, gastrointestinal stromal tumors, non-small-cell lung cancer, and head and neck cancers. Iclusig™ (ponatinib, previously known as AP24534) is an orally active multi-tyrosine kinase inhibitor and is currently approved by the US Food and Drug Administration for patients with chronic myeloid leukemia and Philadelphia chromosome-positive acute lymphoblastic leukemia, specifically targeting the BCR-ABL gene mutation, T315I. Due to ponatinib's unique multi-targeted characteristics, further studies have demonstrated its ability to target other important tyrosine kinases (FGFR, PDGFR, SRC, RET, KIT, and FLT1) in other human malignancies. This review focuses on the available data of ponatinib and its molecular targets for treatment in various cancers, with a discussion on the broader potential of this agent in other cancer indications.
Introduction
Receptor tyrosine kinases (RTKs) mediate the interaction between growth factors and their corresponding receptors, resulting in cytoplasmic tyrosine kinase activation. The activation of RTKs regulates several critical cellular mechanisms including cell growth, tissue regeneration, and repair. These processes are tightly regulated in normal cells; however, overexpression and constitutive activation of RTKs have been known to promote tumor survival in several cancer types. There are several known families of RTKs, including the commonly overexpressed EGFR, FGFR, RET, KIT, SRC, BCR-ABL, and PDGFR. Continual activation of these RTKs leads to a cascade of events associated with key pathways known to drive cancers, including STAT3, PI3K/AKT, and RAS/RAF/ERK pathways. 2, 3 Due to the importance of RTKs and their association with tumor development, they are emerging as promising therapeutic targets.
Tyrosine kinase inhibitors (TKIs) and monoclonal antibodies have been designed to specifically target overexpressed RTKs and subsequent downstream molecules in several cancer types. For instance, successful anti-EGFR (cetuximab, panitumumab, erlotinib, and gefitinib) and anti-HER2 (trastuzumab and pertuzumab) mono-targeted agents have been developed and are currently approved by the US Food and Drug Administration (FDA) for treating patients with colorectal cancer, non-small-cell lung cancer (NSCLC), and breast cancer. [4] [5] [6] [7] [8] [9] Moreover, SRC proteins are commonly activated as a result of enhanced RTK expression, and the development of SRC inhibitors has also been successful with FDA-approved bosutinib and dasatinib currently used submit your manuscript | www.dovepress.com
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Tan et al in the treatment of patients with Philadelphia chromosomepositive (Ph+) chronic myeloid leukemia (CML) and acute lymphoblastic leukemia (ALL). 10, 11 In addition to monotargeted inhibitors, multi-TKIs have also been developed. Multi-TKIs are agents that target several kinases or pathways simultaneously, and have been widely developed for several diseases, including cancer. For instance, Iclusig™ (ponatinib; ARIAD Pharmaceuticals, Cambridge, MA, USA) a multi-TKI, which targets SRC, ABL, FGFR, PDGFR, and VEGFR, is currently approved by the FDA as a second-line treatment option for patients with Ph+ CML and Ph+ ALL and is the only approved inhibitor to successfully target the ABL-T135I mutation. 12 Notably, in preclinical studies, ponatinib has also demonstrated potent anti-tumorigenic properties in other cancers, including lung cancers and glioblastoma (GBM), and Phase II trials are in progress in patients harboring these tumors (NCT02478164, NCT01935336). 13, 14 This review summarizes ponatinib's multi-targeted properties and discusses its potential as a prospective anticancer agent for other malignancies.
Ponatinib: preclinical and early-clinical data
Ponatinib (also known as AP24534) is a potent, orally active TKI. The molecular formula of ponatinib is C 29 H 28 ClF 3 N 6 O, and the chemical name is 3-(imidazo[1,2-b]pyridazin-3-ylethynyl)-4-methyl-N- 19 benzamide hydrochloride.
15
Ponatinib was structurally designed with a carbon-carbon triple bond to target the T315I point mutation within the kinase domain (KD) of BCR-ABL ( Figure 1 ). ARIAD Pharmaceuticals acquired a computational and structure-based drug design platform to develop ponatinib as a potent inhibitor of both native BCR-ABL tyrosine kinase and isoforms that carry mutations responsible for conferring resistance to existing targeted therapies. Furthermore, this inhibitor was structurally designed to involve a carbon-carbon triple bond which protrudes from the purine scaffold, allowing for minimal steric hindrance which is caused by the presence of a large isoleucine residue of the BCR-ABL mutant at position 315. 15, 16 Such a structural design was primarily based on one of ARIAD's first ATP-competitive dual SRC/ABL inhibitors known as AP24364, alongside earlier developed inhibitors including nilotinib, dasatinib, and imatinib. 15 Preclinical evaluation of ponatinib treatment of CML and Ph+ ALL , with IC 50 values ranging between 0.37 and 2 nM. Furthermore, this study compared the efficacy of ponatinib at several concentrations (0-1,000 nM) against mononuclear cells from primary leukemic blast crisis patient cells specifically driven by wild-type BCR-ABL or BCR-ABL T315I and healthy individuals. The data generated with the cellular proliferation assay showed that ponatinib had induced a specific reduction in viable cells against primary CML cells, showing IC 50 values of ~500-fold lower than normal cells, confirming its potent pan-BCR-ABL inhibition.
The efficacy of ponatinib was also examined in several in vivo CML mouse models expressing wild-type BCR-ABL or BCR-ABL
T315I
. The potent effect of ponatinib was illustrated using a Ba/F3 BCR-ABL-expressing mouse model where ponatinib was orally administered daily for 19 days. The median survival rate of mice treated with either 2.5 or 5 mg/kg ponatinib was prolonged to 27.5 and 30 days, respectively (P,0.01 for both doses), compared to vehicle-treated mice, which survived only 19 days following the intravenous injection of Ba/F3 cells. 12 Ponatinib treatment was also observed to increase the survival rates of mice challenged with intravenously injected BAF/3 cells expressing BCR-ABL
. Ponatinib treatment (5, 15, and 25 mg/kg) prolonged the median survival in a dosedependent manner (19.5, 26 , and 30 days, respectively; P,0.01 for all doses) compared to vehicle-treated mice which survived only 16 days. 12 However, in comparison, 
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Tan et al data obtained from the Phase II PACE trial of ponatinib. 18 The PACE trial evaluated the efficacy and safety of ponatinib in CML and Ph+ ALL patients who were resistant or did not respond to dasatinib or nilotinib treatment and included those who harbored the T315I mutation. Overall, within a minimum follow-up of 48 months, this study demonstrated ponatinib's continual efficacy and durability in this heavily pretreated population to retain long-term molecular and cytogenic responses. 19 Despite the successful development and FDA approval of ponatinib and other TKIs (such as dasatinib, nilotinib, and imatinib), one of the main challenges within the research and management of TKIs is understanding and controlling the TKI-associated vascular adverse events (VAEs). In particular, the emergence of these TKIs for the treatment of hematologic malignancies has evidently shown that their use in patient treatment is linked with vascular toxicity. 20, 21 For instance, ponatinib-related VAEs have been reported in as many as 20%-40% of patients receiving the standard 45 mg dose, and ponatinib has also been associated with an increased risk of cardiovascular events and hypertension. However, the cause of these events is unclear. 22, 23 In an attempt to identify the cause, studies have demonstrated ponatinib's inhibitory effect on human vascular endothelial cells (HUVECs) and human microvascular endothelial cell line HMEC-1 with IC 50 values ranging between 100 and 200 nM. 24, 25 Moreover, these studies further analyzed the inhibitory effect of ponatinib on HUVECs overexpressing VEGFR2, and this effect was observed to be reduced compared to the control cells.
24 VEGFR2 is one of ponatinib's targets but also serves as a key driver of angiogenesis and as a survival factor of endothelial cells. 12, 26 Although these studies are not conclusive, they provide an insight into ponatinib's possible antiangiogenic effect that is possibly mediated by VEGFR2 inhibition, providing an explanation for TKI-associated VAEs. 
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The multi-kinase inhibitor ponatinib
Mechanisms of resistance to ponatinib
As with many targeted therapies, tumor resistance is expected to arise to ponatinib and other malignancies. Several studies have explored this notion, and here we highlight these studies and discuss implications of the mechanisms of resistance. A recent study by Lu et al evaluated resistance mechanisms by exposing TKI-naïve and dasatinib-resistant BCR-ABL1-positive K562 cells to ponatinib with continuous, long-term co-culture. Enhanced Axl overexpression was detected in the ponatinib-resistant TKI-naïve cells, while mutations in the BCR-ABL1 KD including T315I and compound mutation G250E/E255K were observed in the dasatinib-resistant cells. 27 Zabriskie et al thoroughly investigated existing mutations in the BCR-ABL1 kinase, particularly focusing on additional mutations paired with the T315I mutation commonly seen in CML. 28 They observed that many compound mutations conferred resistance to ponatinib with the E255V/ T315I compound mutation conferring the greatest resistance to ponatinib in in vitro proliferation assays. Further evidence that this mutation confers resistance to ponatinib was demonstrated when E255V/T315I was observed in a specimen of a Ph+ ALL patient who showed transient response to ponatinib but underwent rapid hematologic relapse and was discontinued from ponatinib treatment. 28 The I315M mutation has also been shown to confer resistance to ponatinib in cell-based assays and in another Ph+ ALL patient. 1, 28, 29 However, the presence of these mutations in patient samples is low. Parker et al examined low-level mutations in a large set of CML and Ph+ ALL patient specimens, and although low-level mutations were observed in 15% of samples, they did not undergo clonal expansion during ponatinib treatment and did not correlate with overall outcome. 30 Similarly, single or compound mutation identified from 267 chronic-phase CML patients did not confer primary and/or secondary resistance to ponatinib. 31 Therefore, clinical decisions and policy changes regarding the use of ponatinib cannot currently be made based on the current knowledge of resistance mechanisms to ponatinib. An analysis with larger sample sizes and longer treatment times may be required to increase our understanding of the key drivers of resistance to ponatinib in the future.
The multi-kinase inhibitory properties of ponatinib ABL and solid tumors
The ABL family of kinases (also known as Arg), ABL1 and ABL2, has been recently shown to contribute to the progression of solid tumors (including colorectal cancer, chondrosarcoma, gastric cancer, ovarian cancer, and melanoma cancer) through activation pathways which are distinct from those observed in ABL-induced leukemias. [32] [33] [34] [35] [36] In fact, studies have shown that solid tumors, which are induced by ABL kinases, are not linked to the event of chromosome translocation as seen during the progression of leukemia and are rather driven by elevated ABL1 or ABL2 expression, amplification, protein expression, metabolic stress, and/or inactivation of negative regulatory proteins. 32, 37 Several reports have identified that multiple RTKs can contribute to enhanced ABL activation, including EGFR, PDGFR, and the hepatocyte growth factor receptor (MET), all of which are known to facilitate changes in cell proliferation, migration, invasion, and survival. [38] [39] [40] [41] FLT3, c-KiT, veGFR, PDGFR, and SRC As mentioned previously, ponatinib was initially designed to inhibit BCR-ABL; however, studies have also identified ponatinib to target several other kinases, and ponatinib is therefore classified as a multi-TKI. O'Hare et al utilized the Kinase Hotspot assay (a direct measurement of the substrate phosphorylation) to profile ponatinib against .100 kinases in primary CML cell lines and identified several underlying targets, including FLT3 (IC 50 0.3-2 nmol/L) and c-KIT (IC 50 8-20 nmol/L). 12 Ponatinib was also effective against the members of the tyrosine kinase families including FGFR (IC 50 2.2 nmol/L), VEGFR (IC 50 1.5 nmol/L), PDGFR (IC 50 1.1 nmol/L), and c-SRC (IC 50 
nmol/L).
12,42-44 Ponatinib's molecular targets have thus expanded to other cancer types as summarized in Table 2 .
FGFR family
The FGFR family of tyrosine kinase receptors consists of four highly conserved family members (FGFR1-4) and has been identified to play a role in the progression of multiple tumor types including squamous cell lung cancers, breast cancers, gastric cancers, and endometrial cancers. Next-generation sequencing of 4,853 patient samples with varying cancers identified that 343 (7.1%) samples contained FGFR aberrations. Of these 343 cases, most of the aberrations were FGFR gene amplifications (66%), while 26% were FGFR mutations and 8% were FGFR rearrangements. 45 FGFR gene fusions have also been reported in several cancer types. 46, 47 Lymphomas and leukemias have also been identified with FGFR rearrangements and FGFR fusions. [48] [49] [50] Thus, FGFR represents a viable target in cancer therapy. 13 In fact, studies highlight the potential of ponatinib as an FGFR inhibitor in several cancer types. 51 This study further examined the effect on ponatinib amongst a panel of 14 FGFR-amplified or FGFRmutated cancer cell lines (endometrial, gastric, breast, lung, bladder, and colon), and similar IC 50 values ,40 nmol/L were observed. Ponatinib's potency to reduce tumor growth was also observed in endometrial, bladder, and gastric cancer mouse models with FGFR mutations. Kim et al also investigated ponatinib's inhibitory properties against FGFR kinases, in particular in endometrial cancer cells (MFE-296 and AN3CA) harboring activating FGFR2 mutations. Ponatinib treatment resulted in significant inhibition of cell proliferation, migration, and invasion compared to the control-treated cells. 52 Additionally, this study further explored ponatinib's effect on the downstream pathways associated with FGFR2 activation and highlighted the inhibitory effect on cell proliferation in endometrial cancer cells through ERK, AKT, STAT5, and phospholipase Cγ. Another member of the FGFR family of kinases, FGFR4, has been reported to be commonly amplified and activated in patients with rhabdomyosarcoma (RMS). 53 Li et al identified ponatinib as a potent inhibitor against the growth of RMS cells (RMS772; IC 50 ,70 nmol/L) which were engineered to harbor mutated or wild-type FGFR4. 74 This observation was further supported with the use of a mutated FGFR4 RMS mouse model, where ponatinib significantly reduced tumor growth compared to control tumors. Moreover, ponatinib has also been demonstrated to inhibit the growth and suppression of clonogenicity in NSCLC cell lines with elevated FGFR1 expression and the growth of primary lung cancer culture cells (IC 50 ,50 nmol/L). 54, 55 Taken together, these studies highlight ponatinib as a multi-targeted inhibitor which potentially acts as a pan-FGFR inhibitor in a range of cancer types, further broadening its clinical application.
Ponatinib and other targets
As mentioned previously, O'Hare et al not only identified ponatinib as a potent BCR-ABL inhibitor but also demonstrated its ability to target FLT3 kinases. In relation to hematologic malignancies, activating mutations of FLT3 have been observed in up to 30% of newly diagnosed patients with AML who were associated with poor prognosis in terms of relapse and overall survival when treated with standard therapies, and ponatinib was later found to be an attractive therapeutic agent. [56] [57] [58] To explore ponatinib's potential applications in hematologic malignancies beyond BCR-ABL-driven CML, Gozgit et al evaluated the cellular activity of ponatinib against FLT3 in a panel of leukemic cell lines (MV4-11, Kasumi-1, KG1, and EOL1) with dysregulated FLT3 expression and identified ponatinib to inhibit phosphorylation of activated FLT3, reduce cell viability, and induce apoptosis at concentrations ,10 nmol/L. 43 This observation was further supported in an MV4-11 mouse xenograft model where daily oral dose of ponatinib for 4 weeks resulted in a dose-dependent inhibition of p-FLT3 signaling and tumor regression. 43 In addition, phosphorylated KIT, FGFR1, and PDGFR protein expression was also observed to be reduced at concentrations ,100, ,10, and ,3 nmol/L, respectively. Due to these findings, this study suggests that further investigation of ponatinib in patients with FLT3-driven AML malignancies and other hematologic tumors driven by KIT, FGFR1, or PDGFR is warranted. 
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Ponatinib has also been demonstrated in other studies to target tumor-driving molecules in various cancers. De Falco et al showed that ponatinib can act as a potent inhibitor of the RET transmembrane RTK in thyroid cancers. 59 Activated RET mutations are commonly seen in ~98% of medullary thyroid carcinomas and an estimated 50% of patients with sporadic thyroid tumors harboring somatic RET mutations. [60] [61] [62] In this study, ponatinib was observed to inhibit immunopurified RET kinase at an IC 50 value of 25.8 nM in NIH3T3 and RAT1 fibroblasts (stably expressing oncogenic RET mutations) and TT thyroid cancer cell lines. In addition, ponatinib also demonstrated a reduction in kinase activity of RET/V804M, an RET mutant known to confer resistance to other TKIs. Daily ponatinib treatment (30 mg/kg) by oral gavage for 3 weeks significantly reduced tumor growth compared to the vehicle-treated mice in a subcutaneous TT xenograft mouse model. Moreover, RET phosphorylation was also significantly decreased, as early as 5 hours after the commencement of ponatinib treatment. This study suggests that further studies evaluating ponatinib's potential as an anti-RET inhibitor in patients affected by thyroid cancers and possibly other RET-related malignancies are warranted.
Another target of ponatinib is KIT. 12, 63 Garner et al evaluated the efficacy of ponatinib in gastrointestinal stromal tumor (GIST)-derived cell lines and demonstrated its potent effect (IC 50 #11 nmol/L) on wild-type KIT and KIT with mutations within exon 11 (V559D and V560G), a primary "hotspot" which harbors activating mutations. 63 This study also evaluated ponatinib's potent inhibitory effect on the growth of a GIST-1 patient-derived xenograft (PDX) mouse model. Ponatinib treatment (30 mg/kg) resulted in complete tumor regression which was maintained 6 weeks following the withdrawal of ponatinib. In comparison, imatinib (300 mg/kg), sunitinib (80 mg/kg), and regorafenib (100 mg/kg) treatment demonstrated tumor inhibition to some extent but were all inferior to ponatinib in this model.
Furthermore, Sun et al demonstrated ponatinib's inhibitory action against the multidrug-resistant (MDR) phenotype which is a result of the overexpression of ABC transporter family seen in various cancer cells. 64 In fact, there are several ABC proteins that are known to be responsible for developing the MDR phenotype in cancer cells which include multidrug resistance proteins (MRPs). 65 In this study, the overexpression of MRP7 was demonstrated in HEK/MRP7-transfected human embryonic kidney cells, and in the presence of 0.5 µM ponatinib, MRP7 gene expression was downregulated and MRP7 protein expression was reduced in a dose-dependent manner (0, 0.1, 0.25, and 0.5 µM). Although this study did not perform in vivo assays to further evaluate the findings, it highlighted the great potential of ponatinib in MDR cancer patients.
Based on preclinical studies demonstrating ponatinib's potent effect against models involving FGFR2, RET, and KIT mutations, clinical trials on the treatment of patients with biliary cancer, solid cancers, and advanced NSCLC have commenced (NCT02265341, NCT02272998, and NCT01813734; Table 3 ). 54, 59, 66 Preclinical evaluation of ponatinib in other tumor types Ponatinib's inhibitory effect against tumorigenic properties has also been evaluated in other cancers. Most notably, Wylie et al recently demonstrated that ponatinib exhibited antiproliferative effects against a large series of cell lines derived from different cancers. 67 A study conducted by Zhang et al assessed ponatinib's inhibitory effect against a commonly used GBM cell line U87MG in both in vitro and in vivo models. 66 Ponatinib was observed to inhibit cell viability and induce apoptotic events with elevated sub-G1 DNA content, a commonly used apoptotic marker, in a dose-dependent manner (0.78-200 nM). Furthermore, this study observed inhibition of cell migration and cell invasion with ponatinib treatment at concentrations ranging between 1.25 and 20 nM. In a GBM subcutaneous xenograft mouse model, ponatinib markedly reduced tumor growth in a dose-dependent manner (5 and 10 mg/kg) after daily injection and also induced cell apoptosis in the tumor. In addition, Laramy et al investigated the variations in drug distribution and free fraction at various tumor implantation sites and how this influenced ponatinib's efficacy in a PDX model of GBM. 68 Comparing a heterotopic model (flank) and an orthotopic (intracranial) model, a daily oral dose of ponatinib (30 mg/kg) was observed to be more effective in reducing tumor growth of the flank (days of survival 32 vs 40) but not in the intracranial model (days of survival 40 vs 40) . This study demonstrated ponatinib's limited drug distribution or potential inability to cross the blood-brain barrier. Nonetheless, ponatinib is currently being evaluated in GBM patients.
The antitumor effects of ponatinib have also been demonstrated to reduce neuroblastoma cells in vitro and in vivo. 
642
Tan et al size and vascularity in SK-N-AS and SK-N-SH xenograft models. This was supported by the observation of reduced CD31 staining in the ponatinib-treated cohort compared to the untreated cohort, suggesting the possible antiangiogenic effects of ponatinib. Though these studies did not specifically asses which RTKs are inhibited by ponatinib, they demonstrate the potential for further investigations into the use of ponatinib.
Several mutated or overexpressed receptors along with several tumor-driving molecules are known to play a significant role during carcinogenesis, and therefore, combinational targeted therapies have been investigated to alleviate tumor burden driven by several cancer-promoting pathways. In fact, a number of in vitro and in vivo studies have highlighted the significant potential of ponatinib alone and in combination with other targeted inhibitors to develop a new therapeutic strategy to treat advanced cancers. Gozgit et al investigated various combinational treatments to target known activating mutations in FGFR2, which commonly occur along with genetic alterations in the mammalian target of rapamycin (mTOR) pathway. 51 Their study examined the combinatorial treatment of ponatinib (anti-FGFR2 inhibitor) and ridaforolimus (anti-mTOR agent) and demonstrated the dual inhibition of both molecules in vitro and also induced tumor regression in an endometrial cancer model. Furthermore, Sokolov discovered that the combination of blinatumomab (a monoclonal antibody) and ponatinib resulted in improved long-term results in the treatment of relapsed Ph+ ALL. 70 Based on these results, a Phase II clinical trial (NCT03263572) on this dual combination is currently recruiting Ph+ ALL patients. 71 
Conclusion
In summary, human malignancies are complex in nature and often involve multiple intrinsic cancer-driven pathways, 
643
The multi-kinase inhibitor ponatinib and thus, the inhibition of single targets alone is likely to be therapeutically ineffective. Therefore, the use of a multiple targeted inhibitor like ponatinib alone or in combination with other agents that target other RTKs or cancer-related pathways provides an opportunity to inhibit cancer progression.
OncoTargets and Therapy
Publish your work in this journal
Submit your manuscript here: http://www.dovepress.com/oncotargets-and-therapy-journal
OncoTargets and Therapy is an international, peer-reviewed, open access journal focusing on the pathological basis of all cancers, potential targets for therapy and treatment protocols employed to improve the management of cancer patients. The journal also focuses on the impact of management programs and new therapeutic agents and protocols on patient perspectives such as quality of life, adherence and satisfaction. The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.
OncoTargets and Therapy 2019:12
submit your manuscript | www.dovepress.com
Dovepress
645
